MHD Fluctuations in the Heliosphere

B. Bavassano and R. Bruno

Abstract  The solar wind is an excellent laboratory to study the MHD
turbulence behaviour in a collisionless plasma. This is a fundamental topic for
both plasma physics and astrophysics. The impressive amount of observations
at different solar distances and latitudes collected in the last decades has
allowed us of reaching a good understanding on many aspects of the complex
phenomenon of the solar wind variability at MHD scales. Here we discuss
the character of the observed fluctuations and focus on their radial evolution
as the plasma flow expands into the interplanetary space. A comparison is
performed between fluctuations seen in low- and high-latitude solar wind.
Implications about processes of local generation of turbulence are discussed.

Key words: Interplanetary physics (MHD waves and turbulence; Sources of
the solar wind) — Space plasma physics (Turbulence)

1 Introduction

The heliosphere is the region of space influenced by the Sun through its ex-
panding corona, the solar wind. This is a collisionless plasma flow that offers
one of the best opportunities to study plasma phenomena by in-situ mea-
surements. Here we will focus on a topic of primary importance for both
plasma physics and astrophysics, the magnetohydrodynamic (MHD) turbu-
lence. The use of the term MHD only refers to the fact that we are looking
at phenomena falling in the MHD regime (i.e., frequency well below the pro-
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Fig. 1  Polar plots of SWOOPS
the solar wind speed as a i
function of latitude for the
Ulysses’ first two orbits.
Sunspot numbers (bottom
panel) show that the first
orbit occurred through the
solar cycle declining phase
and minimum while the
second orbit spanned solar
maximum (adapted from
[30], copyright 2003 Amer-
ican Geophysical Union, : rarage ot
modified by permission Z?lispot il
of American Geophysical =

Union).

ton gyrofrequency). The name does not imply that these phenomena may
necessarily be described by the MHD theory.

The three-dimensional structure of the solar wind is strongly dependent
upon the solar cycle. As shown in Fig. 1, at low solar activity the solar wind
is characterized by a bimodal structure [28], with a steady, fast wind at high
latitudes and a slower and more variable wind at low latitudes. Conversely, at
high solar activity highly variable flows are observed at all latitudes and the
wind structure appears to be a complicated mixture of flows [30]. However,
this state with variable flows at all heliographic latitudes is a short-lived
feature of the heliosphere. After the reversal of the solar magnetic field, a
recovery of the winds bimodal structure begins quite soon [29]. The fast high-
latitude wind (polar wind) and the low-latitude wind come from different
sources. The fast wind is from coronal holes, while slow wind flows from open
magnetic flux-tubes in the streamer belt region.

The solar wind is a plasma with extremely low viscosity and resistivity.
Both kinetic and magnetic Reynolds numbers, which essentially measure the
relative weight of nonlinear and dissipative terms in the MHD equations, are
high. Thus, relevant turbulent effects have to be expected. As well known,
the solar wind turbulence strongly affects several aspects of the heliospheric
behaviour, such as plasma heating, solar wind generation, particles accelera-
tion, and cosmic rays propagation. Recently it has been shown [16] that the
turbulence is also able to influence the geomagnetic activity.

In the seventies and eighties impressive advances have been made in the
knowledge of turbulent phenomena in the solar wind [39]. In those years,
however, with spacecraft observations confined within a small latitudinal belt
around the solar equator, only a limited fraction of the heliosphere was ac-
cessible. In the nineties, whith the launch of Ulysses, the first spacecraft with
a highly inclined orbital plane with respect to the ecliptic, the investigations
have been extended to high-latitude regions of the heliosphere. This has al-
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Fig. 2 One of the first ob-
servations of Alfvénic fluc-
tuations (adapted from [9],
1971, copyright 1971 Amer-
ican Geophysical Union,
modified by permission

of American Geophysical
Union).
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lowed of studying how the MHD turbulence evolves in polar solar wind, a
plasma flow in which the effects of large-scale inhomogeneities are consid-
erably less important than in low-latitude wind. With this new laboratory
relevant advances in interplanetary turbulence have been made [11, 20].

2 Alfvénic Fluctuations

Since the first observations (e.g., [9, 15]) it it was recognized that the solar
wind MHD fluctuations have a strong Alfvénic character (Alfvénic modes
have a much longer lifetime than other MHD modes [1]). An example is
shown in Fig. 2, with highly correlated variations in velocity and magnetic
field (and almost constant density and magnetic field magnitude).

It is useful to briefly recall some of the parameters that are generally used
to describe Alfvénic fluctuations. Basic quantities are the Elsésser’s variables
z. = v b (eg., see [39]), that are ideally suited to extract an Alfvénic
signal from velocity and magnetic field measurements. Here v and b are
the velocity and magnetic field vectors, respectively, with the magnetic field
b scaled to Alfvén units (i.e., divided by +/4mp, with p the mass density).
Taking into account how the sign of the Alfvénic correlation depends on the
propagation direction with respect to the background magnetic field, it has
become common to use the above definition for a background magnetic field
pointing to the Sun, while the equation z,. = v F b is taken for the opposite
polarity. With this choice we have that, whatever the magnetic polarity is,
z, (z_) fluctuations always correspond to modes with an outward (inward)
direction of propagation, with respect to Sun, in the plasma frame. The rel-
ative weight of the energies (per unit mass) e, and e_ associated to z, and
z_ fluctuations, respectively, is measured by the Elsésser ratio rg = e_/e..
An analogous measure for the energies ey and ep of the v and b fluctuations
is given by the Alfvén ratio r4 = ey /ep. Other related parameters are the
normalized cross-helicity o = (e, —e_)/(ey+e_) = (1—rg)/(1+rg) and the
normalized residual energy og = (eyv—ep)/(ev+ep) = (ra—1)/(ra+1).
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Both outward and inward propagating fluctuations are observed in the so-
lar wind. Outward fluctuations mainly have a solar origin (or, more precisely,
inside the Alfvén critical point). Conversely, inward fluctuations can only be
generated outside such critical distance. As well known, the presence of both
kinds of fluctuation leads to the development of nonlinear interactions.

3 Magnetic Variations

As first discussed by [4], when solar wind fluctuations are analysed in terms
of ¢ and or and occurrence frequency distributions are displayed in a o¢-
ogr plane, it clearly appears that the peak at high oc due to the Alfvénic
population is accompanied by an extended tail towards the region close to
oc=0 and ogp=—1, with a secondary peak at the end caused by fluctuations
essentially of magnetic type. Fig. 3 indicates that this is a quite general
feature, observed for all kinds of solar wind regime [4]. The radial expansion
of the solar wind plays a role in this two-population scheme [2, 13], with an
increasing weight of the magnetic fluctuations. Moreover, it has been shown
[2] that the magnetic population, even when of secondary importance in terms
of occurrence frequency, may correspond to a primary peak in the distribution
of total (magnetic plus kinetic) energy. Thus, from the point of view of the
energy content of solar wind fluctuations the magnetic population appears
able to play a primary role. Finally, for the magnetic population fluctuations
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Fig. 4 3-D plots of fluctuation energy values in the polar wind. An ej-e_-ep frame is
used at left and an ej-e_-ey frame at right (note that ep and ey axes have different
scales). Dots of different colours indicate projections on the coordinate planes. Lines for
0c=0.8 and 0o=0 are shown in the plane e4-e_.

are more planar, in a plane perpendicular to the background magnetic field,
than those for the Alfvénic population. This is reminiscent of quasi-two-
dimensional fluctuations [25]. Yet, this kind of geometry may well come from
coronal magnetic flux tubes that, turbulently mixed, are swept out by the
solar wind [2].

3-D plots of the fluctuation energy values are shown in Fig. 4. In addition
to the highly populated clouds indicated by green ovals, that correspond
to outward propagating Alfvénic fluctuations, a broad population extending
towards higher magnetic energies (ep) and lower cross-helicity (o¢) is clearly
apparent in the left plot. The same does not hold for ey (right plot). All this
confirms that solar wind fluctuations are a mixture of an Alfvénic population
and a magnetic population. For this last one the values of ep are significantly
above the levels typically observed for the Alfvénic population.

In a complementary approach, it is interesting to investigate the role that
the two populations have in building the distributions of magnetic and kinetic
energies. For the same data of Fig. 4 such distributions have been derived
separately for four ranges of o and compared to that obtained from the
whole sample. The results (Fig. 5) show that the ep and ey distributions
respond in a different way to a change in the o¢ range. While for the kinetic
energy (right) the various curves have similar shapes, for the magnetic energy
(left) significant differences are observed. In particular, Alfvénic fluctuations
(o¢ above 0.6, red) are mainly responsible for the peak of the overall distri-
bution (black), while non-Alfvénic fluctuations (¢ from —0.1 to 0.3, blue)
are dominant in the extended (high-eg) tail. In other words, the peak and



6 B. Bavassano and R. Bruno

number of cases
number of cases

0 500 1000 1500 2000 0 100 200 300 400 500

eB (km?/s?) e\’, (km?/s?)

Fig. 5 Histograms of ep (left) and ey (right) for different ranges of o¢.

the tail of the ep distribution have a different Alfvénic content or, in general,
a different nature.

4 Turbulence in Low-Latitude Wind

Since the first studies on Alfvénic fluctuations in ecliptic wind (e.g., see [9])
it was realized that fast streams (or, more precisely, their trailing edges) were
the best places to observe them. In those years (mid-seventies) a hot topic
was that of the turbulence generation and evolution. Observations at different
heliocentric distances are crucial to this kind of study. The launch of Helios
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1 and 2 (in December 1974 and January 1976, respectively), systematically
covering the inner heliosphere from 0.3 to 1 AU, combined with a very sta-
ble pattern of the interplanetary medium (in a period of low solar activity)
allowed to get the first evidence about a radial evolution of the solar wind
turbulence [3, 17]. In the next years, with a boom of studies on this subject,
impressive advances were made.

Fig. 6 shows how e, and e_ power spectra (solid and dotted line, re-
spectively) vary when solar distance increases from 0.3 to 0.9 AU [24]. The
e, spectrum declines faster than that of e_, with the result that the two
spectra approach each other. At the same time the spectral slopes evolve in
such a way that an extended inertial regime expands to low frequencies.
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The corresponding variation in the relative weight of outward and in-
ward fluctuation energies is shown in Fig. 7 [24]. The very small values of
rg observed at 0.3 AU in the core of the Alfvénic regime (frequencies around
10~* — 103 Hz) have disappeared at 0.9 AU. However, the predominance of
z, fluctuations remains a strong feature of the Alfvénic turbulence observed
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by Helios in fast streams inside 1 AU. Ulysses data from the ecliptic phase of
the mission have shown that this situation persists at least up to 5 AU [6].

A relevant feature of the solar wind turbulence is that the magnetic energy
tends to become dominant as the solar distance increases. This decreasing
trend for the Alfvén ratio r4 (=ey/ep) clearly appears in Helios data [12,
24]. The 74 decrease, however, is not without a limit. This is seen in Fig.
8, that combines Helios and Voyagers observations to give an overall view
of the radial variation of r4 between 0.3 and 20 AU [33]. The 9-hr curve
(squares), the one of the two reported curves that best describes the typical
MHD scales, shows that r 4, after a fast and pronounced decrease, remains
nearly unchanged.

5 Turbulence in Polar Wind

As already mentioned, Ulysses observations have shown that, at low solar
activity, the solar wind at high latitudes is a fast and relatively steady flow
(e.g., [28]). A remarkable feature of the polar wind is the ubiquitous presence
of an intense flow of Alfvénic fluctuations (e.g., [19, 21, 37, 4]). Similar to
previous ecliptic observations in fast streams, a largely dominant fraction of
these fluctuations is outward propagating, with respect to the Sun, in the solar
wind frame. The polar wind, a flow in which large-scale inhomogeneities are
almost absent, offers the best opportunity to study the turbulence evolution
under nearly undisturbed conditions (with respect to low-latitude wind).

Ulysses at 2 AU DOY 229-292, 1994 Ulysses at 4 AU DOY 299-312, 1993
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Fig. 9 Power spectra of z; and z_ (upper and lower curve, respectively) in polar wind at
(left) ~ 2 AU and (right) ~ 4 AU (adapted from [19], copyright 1995 American Geophysical
Union, modified by permission of American Geophysical Union).

Fig. 9 shows polar wind spectra of z, and z_ at distances of about 2 and
4 AU from the Sun [19]. The spectral evolution appears qualitatively similar
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Fig. 10  Variation of the
spectral breakpoint with
radial distance. Data in-
side the upper triangle are
for high-latitude obser-
vations by Ulysses, while
the other data are from
spacecraft near the ecliptic
(adapted from [22], copy-
right 1996 American Geo-
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to that observed in low-latitude fast streams, with the development of a
turbulent cascade with increasing distance that moves to lower frequencies
the breakpoint between the f~! and f~5/% regimes. However, as shown by
Fig. 10, for polar wind the breakpoint is at smaller scale than at similar
distances in low-latitude wind [22]. Thus, spectral evolution in polar wind is

slower than at low latitudes.
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A general agreement exists about the fact that the slower evolution for po-
lar turbulence has to be ascribed to the lack of a large-scale stream structure.
The role of such a structure in accelerating the turbulence evolution has been
stressed by [4] using Ulysses data at mid-latitudes with strong gradients in
the wind velocity. It should be also mentioned that the turbulence appears
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younger in polar flow, since fluctuations at a given distance have had less
time to evolve due to the higher wind speed (e.g., see [26]).

The radial variation of the Elsdsser ratio rg and the Alfvén ratio r4 in
polar wind is shown in Fig. 11. Both trends, increasing for rp and decreas-
ing for r4, do not go beyond some limits, in agreement with low-latitude
observations.

Fig. 12 A composite plot 10
combining Ulysses obser-
vations in polar wind with
those by Helios 1 and 2
inside 1 AU in the ecliptic
plane (adapted from [5], (km?/s?)
copyright 2000 American 10°
Geophysical Union, modi-

fied by permission of Amer-

ican Geophysical Union).
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Fig. 12 combines Ulysses observations in the polar wind with those by
Helios 1 and 2 within the trailing edge of low-latitude fast streams at about
0.4 and 0.8 AU [5]. As regards the polar wind, the e, values exhibit the same
radial gradient over all the investigated range of distances, while for e_ a
change of slope around 2.5 AU is clearly apparent. A remarkable point is
that the Ulysses best fit lines are in good agreement with the Helios data.

6 Solar Wind Turbulence Models

A well established property of the Alfvénic turbulence is that, in the presence
of an energy imbalance between z, and z_ modes, the non-linear interactions
act in such a way to lead the turbulence towards a state in which the only
left modes are those initially prevailing [18]. In this so-called aligned state the
minority component has completely disappeared and a total alignment be-
tween velocity and magnetic fluctuations has been established. In the case of
solar wind, even though an energy imbalance in favour of outgoing z, modes
exists, the turbulence does not end with an aligned state. The only way to
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avoid the disappearance of the minority ingoing z_ modes is that one or more
processes act to refill the solar wind with that kind of mode.

Several models have been proposed for turbulence generation in the inter-
planetary space. Both non-linear processes at velocity gradients and plasma
instabilities have been invoked to drive the turbulence evolution. The interac-
tion between Alfvénic fluctuations and convective solar wind structures has
also been considered. Velocity gradients are certainly relevant in low- and
mid-latitude wind, while in polar wind other processes could be of primary
importance, with a robust candidate represented by the parametric decay.
Some of the most popular models for turbulence generation and evolution in
the different solar wind regimes will be now discussed.

6.1 Models for Low-Latitude Turbulence

Velocity gradients can generate turbulence and drive the radial evolution
of z, and z_ spectra. In Fig. 13 the results of a simulation [34] are shown
(for other references on this subject see [39]). The velocity shear leads to an
approximately equal injection of power in z, and z_ at large scale. Starting
with essentially no power for z_ at high wavenumbers, this injection leads
to a z_ spectrum that quickly grows until is balanced by dissipation. Thus,
the z_ spectrum is already well developed near the Sun. In contrast, the
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injection of z, is inadequate to balance the dissipation of initially strong
z_ fluctuations. Thus, the z, spectrum decreases rapidly. Subsequently, when
the z, level is close to that of z_, the two spectra gradually evolve toward
each other. This is strongly reminiscent of the spectra variation observed by
Helios in the inner heliosphere. The simulations also indicate that magnetic
field reversals, common in low-latitude wind, speed up the evolution.

More recently the cross-helicity radial decrease has been modeled as caused
by velocity gradients and pickup-ion effects [27]. Velocity gradients drive
large-scale nonlinear Kelvin-Helmholtz instabilities that inject kinetic en-
ergy only (hence without contributions to cross-helicity, that would request
also a magnetic term). As regards pickup ions, in the outer heliosphere they
encounter an approximately transverse magnetic field and therefore couple
equally to both z, and z_. Thus, driving supplies energy but not cross-
helicity. In Fig. 14 the model predictions are compared to the observational
data, as obtained by Helios and Voyagers inside and outside 1 AU, respec-
tively. The model accounts reasonably well for the observed radial trend of
oc, in other words driving by velocity shear and pickup-ions appears able
to overcome the inherent tendency for MHD turbulence to produce aligned
Alfvénic states.

An alternative way of describing the radial evolution of solar wind Alfvénic
fluctuations is that proposed by [38], based on a two-component model (see
also [35, 36]). In this approach the fluctuations are described as a mixture
of 1) Alfvén waves, created near the coronal base and propagating outward
along the magnetic field lines, and 2) static magnetic structures convected
by the expanding solar wind. A comparison between predicted and observed
radial trends for e, e_, o¢, and 74 is done in Fig. 15. In spite of the data
dispersion a reasonable agreement appears to exist.
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Fig. 15 Predictions (heavy
lines) of the two-component
(waves plus magnetic struc-
tures) model [38] are com-
pared to the radial trends
observed by Helios 1 and
2 (light lines) inside 1 AU
(adapted from [38], copy-
right 1993 American Geo-
physical Union, modified
by permission of American
Geophysical Union).
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6.2 Models for Polar Turbulence

Though weaker than in low-latitude wind, polar wind velocity gradients could
still give a non-negligible contribution in generating turbulence. However, it
is very likely that other processes take a leading role, with the parametric

decay as the most robust candidate.

As regards velocity gradients, the occurrence of cross-helicity decreases in
connection with polar wind microstreams was pointed out by [31]. Recently,
the above model based on velocity gradients and pickup-ion effects [27] has
been adapted to polar wind conditions [10]. Using lower shear, higher wind
speed, and lower density, a reasonable tuning of the model parameters is able
of leading to solutions behaving in a way comparable to that of the Ulysses

observations (Fig. 16).

Fig. 16 The normalized
cross-helicity at high lati-
tudes as modeled by [10]
is compared to Ulysses
observations. The differ-
ent curves are for different
conditions at the inner
boundary (adapted from
[10], copyright 2005 Amer-
ican Geophysical Union,
modified by permission
of American Geophysical
Union).
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As for the parametric decay, it has been proposed (e.g., see review [8])
that a relevant role in driving the cross-helicity evolution in polar wind can
be played by this process (an Alfvénic wave decay that essentially transfers
energy to a backward Alfvénic mode and to a compressive mode). Simulations
for the case of large-amplitude non-monochromatic Alfvénic fluctuations [23]
have shown that the final state strongly depends on the value of 3 (thermal
to magnetic pressure ratio). For § < 1 the normalized cross-helicity oc de-
creases, from an initial value of 1, to values close to 0. Thus, the instability
appears able to completely destroy the initial Alfvénic correlation. In con-
trast, for 8 = 1 (a value closer to real solar wind conditions) o¢ remains
different from O in the final state. In this case the parametric instability is
not able to go beyond some limit in the disruption of the initial correlation
between velocity and magnetic field fluctuations. This kind of solution, shown
in Fig. 17, is reminiscent of the radial trend seen by Ulysses.

7 Final Remarks

The heliosphere is the only region of space in which in-situ measurements of
particles and fields have been performed. This offers a unique opportunity for
studying fundamental processes common to astrophysics and plasma physics
(for instance, magnetic reconnection, particle acceleration, turbulence gener-
ation, plasma heating). Here we have discussed MHD fluctuations observed
in the solar wind, a plasma flow resulting from the expansion of the solar
corona. The solar wind is an excellent laboratory to investigate processes in
a collisionless plasma.

In the above sections it has been shown that solar wind fluctuations at
MHD scales have a strong Alfvénic component, with a predominance of fluc-
tuations traveling (in the plasma frame) away from the Sun. However, non-
negligible contributions to the wind variability also come from variations of
magnetic type. All occurs in close-to-balance conditions between thermal and
magnetic pressures (e.g., see [8, 40]).
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Interplanetary, or local, generation of fluctuations is seen to overcome the
inherent tendency for MHD turbulence to produce aligned Alfvénic states.
The main candidates for solar wind turbulence driving are velocity gradients
and parametric decay.

In an alternative approach, the observations may be explained in terms of
a mixture of 1) Alfvén waves, created near the coronal base and propagating
outward along the magnetic field lines, and 2) magnetic structures convected
by the expanding wind.

In this regard, it should be stressed that the view of a bimodal charac-
ter of the solar wind variability at MHD scales, with an Alfvénic turbulence
propagating from quiet regions of the Sun and interspersed with highly fil-
amentary structures convected from regions in the inner corona, is recently
gaining evidence [2, 13, 14, 32]. Efforts in modeling solar wind fluctuations
should strongly address this point.

Finally, it is certainly important to extend in-situ measurements to close-
to-Sun regions. This is the aim of future missions as Solar Orbiter and Solar
Probe. While the latter will have an extremely low perihelion (~ 4 solar
radii), but with the drawback of a very quick passage, the former will be col-
lecting data for long periods of time at ~ 0.2 AU in a nearly-heliosynchronous
trajectory. This is a key advantage of Solar Orbiter. From this co-rotational
vantage point the temporal and spatial variations of the solar wind can be
disentangled unambiguously, enabling us to better understand the links be-
tween solar and heliospheric processes. More specifically, this will allow to
clearly identify the different components of the solar wind variability.
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